Abstract: Elevated nutrient concentrations are of concern in many agricultural streams. This study observed seasonal variation of inorganic nitrogen concentrations in small drainage streams that receive discharge predominantly from three different types of agricultural practices, swine farms, aquaculture, and paddy fields, in the Tha Chin River Basin in central Thailand. The drainage streams had high inorganic nitrogen concentrations, low dissolved oxygen concentrations (<3 mg L −1 ), and ammonium was the dominant form of inorganic nitrogen. The highest ammonium concentrations were observed in the drainage streams through swine farm areas, exceeding 4 mg L −1 throughout the year. In-stream ammonium retention was examined using pulse co-injections of ammonium and chloride in a drainage stream, and the effects of in-channel vegetation on ammonium retention were evaluated. This study showed that a considerable amount of ammonium was retained with the presence of in-channel vegetation. After vegetation removal, both the hydraulic and ammonium uptake length increased by >50 m, and the ammonium retention declined by approximately 50%. These results suggest that small agricultural streams experience a high concentration of inorganic nitrogen, similar or even more than larger streams, and that in-channel vegetation plays important role in nitrogen retention. The management of in-channel vegetation will have considerable effects on nitrogen transport.
Introduction
Water quality degradation due to the increase in nutrient loading from agricultural fields are still common in many parts of the world [1, 2] . The elevated nutrient concentrations, especially in the form of phosphates, nitrate, and ammonium, caused by discharge from domestic, industry, agriculture, and aquaculture, as well as atmospheric deposition, lead to eutrophication. One of the most obvious signs of eutrophication is the blooming growth of algae and aquatic weed, which induces the depletion of dissolved oxygen and toxicity generation. Eutrophication leads to many adverse effects on biotic organism as well as the utilization of water for human activities such as fishery, recreation, industry, agriculture, and domestic consumption [1, [3] [4] [5] [6] [7] .
Water quality monitoring is taking place in many regions; however, it is often limited to the main stems or large streams. In the agricultural region, numerous small canals are present, and agricultural natural streams and constructed canals, are present. The water in these streams generally has low concentrations of dissolved oxygen, high concentrations of organic matter, and nutrient levels that exceed the national water quality standards [19] .
In the Central Plains of Thailand, the climate is dominated by a monsoon regime with two seasons, a dry season from November to April and a rainy season from May to October. In the period between 2005 and 2010, the Kamphaeng Saen weather station, maintained by the Thai Meteorological Department in Nakhon Pathom province, recorded an average annual rainfall of 1075 mm, more than 80% of which fell during the rainy season. The average monthly temperature ranged from 25 to 30 • C. The highest and lowest monthly temperatures were 30.6 • C and 24.8 • C, and occurred in April and December, respectively. 
Seasonal Variations in Inorganic Nitrogen Concentration
Water sampling was performed to monitor the concentrations of inorganic nitrogen in small drainage streams flowing through aquaculture, rice paddy, and swine farm areas in the province of Nakhon Pathom. The farms in the area are generally small-scale operations, and each type of production exists in clusters, resulting in, for example, a stream draining through over 30 swine farms in just a few kilometers reach [20] . Small streams and canals collect wastewater from farms, factories, and households and drain into the Tha Chin River. These drainage streams are also used for in-channel farming and domestic water needs. For each type of agricultural practice, a small stream receiving effluent directly from the practice was selected (Figure 1 ). In each stream or canal, three sampling points, >3 km apart from the other points, were selected. Water sampling was performed in January, April, June, August, September, and December in 2010, in order to observe the seasonal variations.
The water samples were transported back to the laboratory on ice and filtered within 24 h of sampling. The samples were preserved by adding 0.5 mL H 2 SO 4 per 500 mL to obtain a pH < 2, and were kept in a refrigerator at 4 • C prior to analysis. The concentrations of Cl, NO 3 -N, and NH 4 -N were analyzed according to the Standard Methods for the Examination of Water and Wastewater using the Argentometric, Nesslerization, and Brucine methods, respectively. At each location, the temperature, dissolved oxygen concentration, specific conductance, and pH were measured using handheld sensors (Horiba ES-51, Kyoto, Japan; and YSI 85, Yellow Springs, OH, USA).
Tracer Injection Experiment
The reach selected for the tracer injection was a small drainage stream flowing through agricultural fields operated by the Kasetsart University-Kamphangsaen campus. The study reach was 210 m long and was surrounded by irrigated hay and sugar cane fields, and located at 14 • 1 1" N and 99 • 58 10" E. The tracer injections were conducted in a straight 210 m reach, with a channel bed gradient of 0.2% and a silty substrate. Prior to the study, the canal had not been cleaned or excavated for >1 year, and emergent and floating plants were present in the channel. Because of the effects of vegetation, the shape of the channel cross-section varied along the study reach, with an average width of 1.98 m and depth of 0.10 m ( Table 1) . Table 1 . Channel characteristics measured in the study reach. CS-cross-section; K-saturated hydraulic conductivity; Width-wetted channel width of the cross-section; Depth-average water depth of the cross-section. The co-injection of chloride and ammonium tracers was carried out in the drainage stream with two purposes, to evaluate retention of ammonium and to assess the change in ammonium retention after the removal of in-channel vegetation. Nitrate is commonly reported as the dominant form of inorganic nitrogen in streams; however, in the present study area, ammonium was consistently the dominant form of inorganic nitrogen, and the nitrate concentrations were <0.1 mg L −1 [18, 20] . Therefore, in this study, ammonium was used as the reactive tracer for injection. The first injection was conducted on 2 November 2010 in the canal with emergent and floating vegetation in the channel. On 15 November 2010, the study reach was cleaned to remove all of the in-channel vegetation and to smooth the bed, which is a common practice performed every few years in small streams with dense vegetation cover. In the smoothed stream without vegetation, two tracer injections with different discharges were conducted on 17 November and 9 December 2010. For the studies evaluating nitrogen retention, it is recommended to maintain ambient nutrient concentrations during the tracer addition experiments because the in-stream nutrient retention depends on the nutrient flux and the nutrient limitation status of each stream [21] . In this study, we added nitrogen to increase the concentration so as to examine the reduction of the nitrogen concentration from a point source loading in a small lowland tropical stream, because those streams often receive nitrogen rich agricultural drainage from a pipe directly.
Caption
Firstly, the study canal was characterized by surveying six cross-sections (CS) along the study reach; the stream bed and water depth at 10 cm intervals were measured across the channel, and the extent of the vegetation cover was also recorded. The cross-sections were surveyed before each tracer injection. Piezometer nests (PN) were installed at five of the cross-sections to estimate the saturated hydraulic conductivity of the substrate and to collect the groundwater samples. Each location had one-two piezometers installed at different depths (5, 10, or 20 cm). The piezometers were made from PVC pipes with an inside diameter of 2 cm, which were 'screened' by drilling 0.5 cm diameter holes for the first 10 cm from the bottom. The piezometers were installed by hand into the silty bed.
The saturated hydraulic conductivity (K) was measured using a bail-down slug test and the Hvorslev method (see Equation (1)) [20] . The Hvorslev method was used in the present study because the radius of the well screen was shorter than its length, and the entire screen was below the water table [22] . Slug tests were conducted only at the piezometers installed at deeper depths.
where K is the hydraulic conductivity (cm s −1 ), r is the radius of the well casing (cm), R is the radius of the well screen (cm), L e is the length of the well screen (cm), and T o is the time it takes for the water level to rise or fall to 37% of the initial change (s). Along the study reach, the temperature, dissolved oxygen concentration, specific conductance, and pH were measured at 20 m intervals prior to the tracer injection in order to determine whether any significant subsurface inflows were present. The values of the four parameters were stable along the 210 m reach, indicating that there were no major subsurface inflows from the adjacent field.
All of the tracer injection experiments were carried out as a pulse injection of a concentrated solution of the tracers. The quantities of the tracers for injection were determined based on the discharge. The intent was to increase the ammonium concentration at the upstream boundary, close to the highest ammonium concentration observed in the studied agricultural streams. To check whether the experiments were designed adequately for transient storage detection, Damköhler numbers (DaI) was calculated for each experiment [23] .
Before and during the injection study, stream water was sampled by hand 10 and 210 m downstream from the injection point at 5 to 40 s intervals, in order to define the chloride and ammonium concentration breakthrough curves for the upstream and downstream boundaries. In addition to water sampling, the specific conductance (SC) was measured at 10 to 20 s intervals using handheld sensors (Horiba ES-51, Japan; and YSI 85, USA) at upstream and downstream locations, respectively. Using the relationship between the chloride concentration and the specific conductance developed for the study canal prior to each injection, the specific conductance was used as a surrogate for the chloride concentration to improve the chloride breakthrough curve. The SC breakthrough curve at the upstream site was also used to estimate the canal discharge by applying the salt dilution gauging method [24] .
Estimation of the Hydraulic and Nutrient Retention
To evaluate the hydraulic retention, the One-Dimensional Transport with Inflow and Storage with Parameter optimization model (OTIS-P, http://co.water.usgs.gov/otis) [25] was used, which has been used extensively in streams [14, 15, 26] , and was used in this study to estimate the transient storage parameters from the chloride breakthrough curve. The parameter estimation for the OTIS-P model was used to determine an optimal set of parameters that best fit the observed data. The parameters estimated by OTIS-P, such as the exchange coefficient (α), storage zone cross-section area (As), and stream cross-section area (A), were then used to calculate the relative transient storage size (As/A), the hydraulic residence times (hours), hydraulic uptake length (S hyd ) (m), and hydrologic retention factor R h (s m −1 ) [26] . The hydraulic residence times in the stream (T str ) and in storage (T sto ) were defined using the following equations:
The hydraulic uptake length is the average distance of solute downstream transport, prior to entry of the solute into the storage zone.
The hydrologic retention factor for solutes is the storage zone residence time of the conservative tracer, per unit of downstream transport.
To evaluate the nutrient retention potential of the study reach, uptake metrics, such as uptake length (S w ), uptake velocity (V f ), and uptake rate (U), were also calculated from the chloride and ammonium breakthrough curves [27, 28] . S w (m) was calculated as v/k t , where v is the average water velocity and k t is the temporal uptake rate coefficient (k t ). The mass balance between the injected tracer (M i ) and the recovered tracer at the downstream sampling location (M r ) were used to estimate k t .
where t p is the time taken for the concentration centroid to arrive at the downstream sampling location. V f (m h −1 ) was calculated using S w , v, and z (average depth), as follows:
The areal nutrient uptake rate (mg m −2 h −1 ) was calculated using the following equation:
Ammonium retention was also evaluated using the differences between the observed and predicted ammonium concentrations at each sampling location [29] . The predicted concentration is the expected concentration if there were no biological and chemical processes to retain ammonium. Without those retention processes, the ratio of chloride to ammonium is assumed to remain constant. a lower observed ammonium concentration than the predicted value indicates the presence of retention processes.
Results and Discussion

Seasonal Variation in Nitrogen Concentration in the Small Agricultural Streams
The flow was measured for every sampling, except in January (Figure 2) . The canal through the swine farm area was the largest, with a flow twice that of the aquaculture and rice paddy areas. Although no measurement of flow was performed in January, the dry season began in November and continued until April; therefore, the flow was expected to be small in January.
The nitrate concentration was consistently ≤0.1 mg L −1 NO 3 -N at all of the sampling locations and all of the sampling times, and the ammonium concentration was higher; therefore, the results here focused on the ammonium concentration. The stream in the swine farm area exhibited consistently higher ammonium concentrations and larger seasonal variations compared with the streams flowing through the rice paddy and aquaculture pond areas (Figure 2) , and the concentration was highest in January during the dry period, reaching >30 mg L −1 NH 4 -N. The streams through the aquaculture pond and rice paddy areas also exhibited a similar trend, with the concentration increasing in the dry period, however, the seasonal fluctuations in these streams was much smaller; the highest concentrations were 3.9 mg L −1 and 2.3 mg L −1 in the aquaculture pond and rice paddy areas, respectively. The dissolved oxygen (DO) concentrations in the streams were low, particularly in the swine farm area, with a concentration of <1 mg L −1 throughout the study year. The drainage streams through the aquaculture pond and rice paddy areas had higher concentrations, but were <3 mg L −1 most of the year. This low DO may contribute to the high ammonium concentrations. The drainage pipe from the swine farm discharges water with very high concentrations of ammonium directly to the stream. Nitrate often shows higher concentrations than ammonium in stream water [30, 31] , and the reason that ammonium stayed as the dominant form of inorganic nitrogen in the studied drainage stream in all of the seasons may be, in part, due to low DO concentration of the water.
The concentrations of ammonium were high at all three of the drainage streams studied, especially in the dry season when the flow and temperature were low. The larger volume of flow may have lowered the concentration because of dilution, thus resulting in lower ammonium concentrations in the high flow season, and higher concentration in the low flow season. When three types of agricultural practices were compared, the stream with largest flow, through the swine farm areas, had a significantly higher ammonium concentration than the streams through the aquaculture and rice paddy field area. The concentrations observed in the stream through the swine farm area were higher than the previous studies in the agricultural streams [30] [31] [32] . These results suggest that the input of ammonium from the swine farm is much greater than the ones from the aquaculture and rice paddy field area. a previous study reported that the outflow from the swine farm has higher ammonium concentrations, even compared to other types of livestock [33] . The presence of a relatively high density of small-scale swine farms with direct discharge of waste water might have resulted in low DO and high ammonium concentrations. Despite the difference in the ammonium concentrations, all three of the drainage streams had high ammonium concentrations and resulted in dense patches of in-channel vegetation in several locations, with some patches extended >50 m in the stream length. Therefore, it was in need to evaluate the potential of the in-stream nitrogen retention and the effects of in-channel vegetation.
In-Stream Hydraulic and Nitrogen Retention
In the upstream portion of the study reach (CS1-2), the stream was wide and shallow, and emergent vegetation was present on both sides ( Figure 3 , Table 1 ). The average width in the upstream reach was larger than that in the middle and downstream (2.45, 1.65, and 1.85 m, respectively). The middle of the stream reach (CS3-4) had relatively dense vegetation on both banks, with some also present across the active channel ( Figure 3 and Table 1 ). The downstream portion of the study channel (CS5-6) had less in-channel vegetation with narrower and deeper cross-sections ( Figure 3 and Table 1 ). The saturated hydraulic conductivity of the substrate decreased along the 210 m stretch of the study canal. At 10 m from the injection point, the value of K was relatively high at 1.7 × 10 −3 cm s -1 , but quickly decreased to <9.0 × 10 −6 cm s −1 in the downstream half of the study reach (Table 1 ). The DaI were 1.1 to 3.9 for the three experiments ( Table 2 ), indicating that the studied reach lengths were adequate to detect transient storage. With the presence of vegetation, the tracer injection study was carried out on 2 November 2010, and the OTIS-P simulations were fitted to the chloride breakthrough curve on the basis of the linear regression of the predicted versus observed data, to estimate the hydrologic parameters ( Figure 4 and Table 2 ). a root mean square error (RMSE) of 6.32 and a R 2 of 0.82 were obtained. The OTIS-P-derived relative size of transient storage zone (As/A) of 0.39, and the hydraulic uptake length (S hyd ) and retention factor (R h ) were estimated to be 198 m and 5.75 s m −1 , respectively ( Table 2 ). The ammonium retention parameters, the uptake length (S w ), uptake velocity (V f ), and uptake rate (U), estimated for the study reach with vegetation were 505 m, 0.05 mm h −1 , 0.08 mg m −2 h −1 , respectively. The observed ammonium concentration was consistently lower than the predicted value, suggesting the presence of ammonium retention ( Figure 5 ). In addition, although the difference in the ammonium concentrations between the upstream and downstream measurement points became larger as the concentration of injected ammonium increased, the reduction of the concentration within the study reach was quickly stabilized (Figure 5a ) at around the decline of 10.2 mg L −1 (Table 3) . The drainage stream used for the injection experiment had channel characteristics similar to those of other agricultural streams in the region. The drainage streams generally have a low channel gradient, a simple channel geometry, and a fine-grain substrate. In addition, a lower flow velocity is common because of the control of the flow by the head gates, which, in part, support the expansion of emergent and floating vegetation. These channel characteristics minimize the surface-subsurface water exchange and increase the importance of surface transient storage [10] . Thus, the estimates of the in-stream ammonium retention from the tracer experiments are considered applicable to the drainage streams in the region.
The hydraulic retention decreased after the removal of in-channel vegetation in the study reach. The As/A decreased by >50% when the discharges were similar after the vegetation removal, and the hydraulic uptake length and hydrologic retention without vegetation were approximately 2 times longer and 3.7 times smaller, respectively, than those values the reached with vegetation ( Table 3 ). The solutes were thus more likely to be retained longer in the reach when the vegetation was present. These results agreed well with those of previous studies that revealed the increased transient storage and hydrologic retention with increasing in-channel vegetation [34] . Dense aquatic plants and algae increase the surface transient storage, which enhances uptake and contact between the solutes and the biogeochemical reactive substrate, and consequently increases the nitrogen retention potential [14, 34, 35] .
The low saturated hydraulic conductivity suggests that the exchange between the surface and subsurface is small [36, 37] , and thus, the subsurface transient storage is negligible in the study reach. The influence of in-channel vegetation and channel morphology on transient storage and nutrient uptake rates has been reported. Harvey et al. (2003) [37] found that aquatic vegetation created in-channel transient storage, which contributed to flow resistance in an Arizona stream. Salehin et al. (2003) [10] reported a greater surface transient storage in a vegetated reach than in un-vegetated reaches, in part due to the changes in porosity of the streambed sediments caused by the vegetation growth.
The uptake metrics showed that the in-stream ammonium retention declined after the removal of vegetation and with the increase in flow. The higher in-channel transient storage due to the presence of vegetation was reported to increase the ammonium retention [15] , thus the decline in hydraulic retention may have resulted in a low ammonium retention after vegetation removal in this study. Ammonium retention occurs because of biotic processes such as nitrification, plant uptake, and microbial immobilization [15] , as well as abiotic processes including volatilization and sorption [38] . The nitrate concentration was ≤0.1 mg L −1 throughout the experiment, suggesting that nitrification was negligible in the study reach, where the dissolved oxygen concentration was equal to or less than 3 mg L −1 . The surface water in the study canal had a pH of 7.2, which does not support significant volatilization [39] . We increased the ammonium concentration close to 30 mg L −1 , higher than the ambient concentration, because similar levels of high concentrations were observed in the dry season in the drainage streams in intensive agricultural areas of the central Tha Chin River Basin (Figure 2 ). This steep increase in ammonium concentration most likely saturated the uptake rates [15] , and the sorption to the sediment may have also accounted for a portion of the ammonium retention [38] .
Two tracer injection experiments after the vegetation removal were performed under different flow conditions (18 Ls −1 and 30 Ls −1 ). Several studies have examined the effect of the discharge on transient storage. Wondzell (2006) [40] showed that, in the range of the base flow discharge for a mountain stream, the stream discharge had little influence on the exchange fluxes and residence time distributions for the hyporheic exchange flow [31] . Valett et al. (1996) [14] and Morrice et al. (1997) [26] reported, however, that larger discharges resulted in reduced transient storage, longer hydraulic uptake lengths, and lower hydrologic retention values because of the increased velocity. In the present study, the transient storage (As/A) and hydrologic retention values decreased as the discharge increased, which is in agreement with the results of previous studies. The ammonium uptake metrics also showed a decline in ammonium retention with discharge increase.
Small streams and canals in Central Thailand and agricultural regions of Southeast Asia, in general, suffer from serious water quality problems. Eutrophication is one of the main problems, and even some of the larger rivers are severely impacted [7] . While the reduction of excess nutrient loading should be the primary focus, understanding the capacity of rivers to reduce excessively loaded nutrients and the development of regular waterway management plans will help to improve the water quality.
In fact, the results of this study suggest that the canals in this tropical region have the potential to reduce a considerable portion of the injected nitrogen. The manual clearing of vegetation, which is necessary for navigation and other water uses, was also shown to quickly reduce the nitrogen retention. The effects of vegetation on the ammonium concentration are likely retention rather than removal; therefore, the cleaning of canals is also an important method for removing nutrients from canal systems. However, the timing of cleaning can be strategically planned. The concentration of nitrogen in canal waters fluctuates seasonally and varies for canals that pass through the land used for different types of agricultural practices [20] . Thus, the cleaning of canals in severely impacted areas, such as swine farm areas, should be performed when the concentration is lowest, so as to minimize the sudden increase of nitrogen transport to downstream reaches.
Conclusions
The dominant form of inorganic nitrogen in the canals and rivers in Central Thailand was found to be ammonium, while the nitrate concentrations were consistently below the detection limit. The ammonium concentration showed seasonal variation, with high concentrations during dry season with a low flow in the streams. The co-injection of chloride and ammonium showed the presence of in-stream ammonium retention. The uptake metrics showed a relatively low nitrate potential, however, in case a high concentration of ammonium was released as a pulse, a considerable portion of ammonium was retained when in-channel vegetation was presented. After the removal of the vegetation, the ammonium retention declined by approximately 50%. Vegetation removal is important because it removes the retained nitrogen from the stream system and thus plays a role in water quality control. However, based on the results of this study, it is important to note that the timing of canal cleaning should be strategically planned to avoid a sudden increase in nitrogen transport to downstream areas.
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